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Abstract
Summary Since muscles can influence bone growth and vice versa, we examined if level of physical activity and physical
capability tests can predict areal bone mineral density (aBMD). Both high activity level and good test performance were
associated with higher aBMD, especially in women.
Introduction Muscle influences bone formation and vice versa. Tests of physical capability and level of physical activity reflect
various muscle qualities. We assessed the associations between total hip aBMD and physical activity as well as a range of
standardized physical capability tests in an adult general population.
Methods A total of 3 533 women and men aged 40–84 years, participating in the population-based cross-sectional Tromsø study
in Norway in 2015–2016, were included. Linear regression was used to assess associations between aBMD and physical activity
and the physical capability tests grip strength, Timed Up and Go (TUG), Short Physical Performance Battery (SPPB), and
standing balance. Non-linear associations were examined in cubic spline models. Standardized regression coefficients were
calculated to compare effect sizes across physical capability measures.
Results In fully adjusted models, higher physical activity was positively associated with total hip aBMD in both sexes compared
to a sedentary lifestyle. All tests of physical capability were associated with aBMD in women, SPPB showing the strongest
association although effect sizes were too small to indicate clinically significant differences (1 point increase corresponded to an
aBMD increase of 0.009 g/cm2, CI = 0.005 to 0.012). In men, SPPB and its subtests were associated with aBMDwith chair rises
showing the strongest association (1 s increase in execution time corresponded to an aBMD decrease of 0.005 g/cm2, CI = 0.008
to 0.002).
Conclusion Physical activity was associated with aBMD, and tests of physical capability can account for some of the aBMD
variations in adults aged 40 years and older, especially in women.
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Muscle tissue influences the formation of bone tissue and vice
versa [1], and there is a positive association between muscle
mass and bone mineral density (BMD) [2–5]. From midlife,
BMD decreases continuously in both women and men but
more rapidly in women during the first years following men-
opause [6]. Osteoporosis and sarcopenia, the latter defined by
both loss of muscle mass and loss of physical capability [7],
share many of the same risk factors such as old age, low
socioeconomic status, poor nutrition, and inactivity, and the
two conditions are often present in the same individuals [7, 8].
Several review articles have tried to quantify the effect of
physical activity on measured BMD and to identify activities
with the strongest effect on bone formation, both in general
healthy populations and in people with osteoporosis [9–11].
Results indicate that weight-bearing exercise has the potential
to be a safe and effective way to avert bone loss in both
women and men, though the effects reported so far have been
small to moderate [9–14].
Self-reported level of physical activity, although prone to
reporting bias, is easily obtained and is reported to be associ-
ated with BMD [15, 16]. Physical capability tests aim to as-
sess individual capacity to undertake the physical tasks of
daily living [17]. Lower scores on such tests, including mea-
sures of locomotion, muscle strength, and balance, are associ-
ated with greater risk of subsequent disability and morbidity.
Consequently, favorable scores on such measures have been
suggested as indicators of healthy aging [17]. BMD is strongly
related to aging, and studies have revealed associations be-
tween physical capability indicators and BMD, but the
strength of these associations seems to depend on the specific
physical capability indicator [18–23]. Identification of factors
that account for variations in BMD among adults during mid-
life and older age may guide intervention strategies for en-
hanced BMD in this group.
While walking speed does not seem to be a strong predic-
tor of BMD, studies have consistently found a positive asso-
ciation between hand grip strength and BMD in the upper
limbs [18, 19]. An association between grip strength and
lower limbBMD remains inconclusive [18, 20].We recently
reported an inverse association between grip strength and
fracture risk in the population-based Tromsø study, includ-
ing hip fractures [24]. The ability to stand on one leg over
time is a predictor of hip fracture risk [25, 26], and several
studies have indicated that one-leg stance tests are associated
with BMD [21–23]. Other physical capability tests, such as
the Short Physical Performance Battery (SPPB) and Timed
Up andGo (TUG), are often performedwhen assessing older
people’s physical capability, to measure the severity of
sarcopenia [7] and to evaluate risk of falling [27–29].
However, few studies have investigated the association be-
tween these tests and BMD.
Since improving physical capability and level of physical
activity is achievable for most people, it is important to inves-
tigate if these modifiable factors contribute to explain varia-
tions in BMD in an ambulatory population, as a basis for
planning preventive measures.
We therefore aimed to investigate whether a range of phys-
ical capability tests (grip strength, TUG, SPPB, and standing
balance) and self-reported level of physical activity were as-
sociated with areal BMD (aBMD) in the total hip, indepen-
dently of age, comorbidities, and other health- and lifestyle-
related variables in adults during midlife and older age in the
population-based Tromsø study. We also aimed to compare
the strength of the tests’ associations with aBMD internally in
the population.
We hypothesized that those with low levels of physical
activity or lower performance on the physical capability tests
had lower aBMD in the hip. To our knowledge, this is the first
study to assess the relationship between aBMD and several
commonly used tests of physical capability and self-reported
physical activity in a large general population-based study
where the strengths of the associations within the population
are also compared.
Methods
Study design, setting, and participants
The present study used cross-sectional data from the
Tromsø study in Norway. The Tromsø study was initiated
in 1974 and is a population-based, longitudinal study fo-
cusing on lifestyle-related diseases and associated risk fac-
tors [30]. It has been repeated seven times, with 6 to 7
years between study waves. Our study was based on data
from the 7th wave (Tromsø 7), which was conducted in
2015–2016. All inhabitants in Tromsø municipality aged
40 years and older, 16 535 women and 16 052 men in
total, were eligible to participate and invited to Tromsø
7. Altogether, 11 074 women and 10 009 men participated.
As part of the additional testing, a random sample of the
participants was invited to areal BMD measurements. Of 5
232 invited, 3 658 (70%) participants aged 40–99 years
(mean age 66.1, SD 9.0) had their total hip aBMD mea-
sured and were eligible for the present study. The final
study population included participants with completed
aBMD measurement at the total hip and available infor-
mation about height, weight, smoking, education level,
and self-reported chronic diseases (n = 3 533) who com-
pleted at least one of the physical performance tests: grip
strength (3 403), TUG (3 393), SPPB (3 409), or one-leg
stance with eyes closed (3 159), or answered the question
regarding level of leisure time physical activity (3 394).
See Fig. 1 for flow chart of included participants. Mean
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age for the included participants was 65.8 (SD 9.0) rang-
ing from 40 to 84 years. Descriptive statistics for the pop-
ulation are presented in Table 1.
Outcome measures
aBMD
Total hip aBMD expressed as g/cm2 was measured by dual-
energy X-ray absorptiometry (DXA) (GE Lunar Prodigy,
LUNAR Corporation, Madison, WI, USA). The scans were
performed by specially trained technicians according to the
manufacturer provided protocol, and daily phantom measure-
ments were performed throughout the study. Both left and
right hips were measured. Our analyses primarily include
measures of the left hip; however, the right hip was used if
measurements of the left side were missing or ineligible due to
current or previous injuries or artifacts.
Precision of DXA measurements of total hip using the GE
Lunar Prodigy has been evaluated in previous studies [31, 32]
which concluded that variation in one repeated aBMD mea-
surement of less than 3% can be due to random measurement
error. Hence, we defined least significant change (LSC) as 3%
of the mean aBMD value per sex and age group.
Measures of physical capability and physical activity
Experienced physiotherapists and nurses were trained, and
they performed the physical capability testing, following the
study protocol.
Grip strength was assessed following the Southampton
protocol [33]. The Jamar Plus+ Digital Hand Dynamometer
(Patterson Medical, Warrenville, IL, USA) was used, and
three measurements for each hand were collected, alternating
between right and left hand. The maximum result of the six
trials was used in the analyses. Participants were seated in a
chair holding the dynamometer and resting the arm at the
chair’s armrest, 90 degree angle at elbow, with the hand free
from the armrest, thumb up. The dynamometer’s position two
(counted from display) of five possible settings was used for
all participants.
The TUG test was performed according to the protocol by
Podsiadlo and Richardson [34]. Participants were seated in a
43-cm-high chair with armrests and asked to stand up from the
chair at the command “Go” (using the chair’s armrests if they
preferred), walk 3 m at their regular pace, turn and walk back
again, and then sit down. The participant’s score in seconds
was timed with a stopwatch from the command “Go” to when
the participant was seated again.
SPPB is composed of three subtests evaluating standing
balance, walking speed, and repeated chair-stands. The
SPPB was performed following the official Norwegian
protocol [35, 36]. The standing balance tests included tandem,
semi-tandem, and side-by-side standing, and the participants
were timed until they moved or 10 s had elapsed. To assess
walking speed, the participants were timed while walking 4 m
at their regular pace for two attempts. Before the five chair-
stands test, a pre-test was performed; the participants were
asked to fold their arms across their chest (i.e., the armrests
were not used) and stand up from the chair. If the pre-test was
unsuccessful, the participant was scored zero. If the pre-test
was successful, the participants were asked to perform five
hair-stands as quickly as possible. They were timed (in sec-
onds) from the initial sitting position to the final standing
position at the fifth stand. Each of the three subtests of the
SPPB were scored from zero to four and summed for a total
score ranging from zero to 12, with higher scores reflecting
better function. Since a ceiling effect is likely to occur when
relatively young and healthy participants perform the SPPB
[35], we also utilized data from two of the sub-tests, namely
the time spent to complete 5 chair-stands and to walk 4 m at
regular pace as continuous, independent variables in separate
analyses.
One-leg stance was performed in accordance with the pro-
tocol described by Kuh, D. et al. [37], where participants were
asked to stand (with shoes) on the preferred leg with the foot
of the other leg elevated off the floor a few inches. Participants
were allowed to use their arms, bend their knees, or move the
body to keep their balance and timed from when the foot was
raised until they either moved their foot on which they were
standing or put their elevated foot to the floor. They were
timed for a maximum of 30 s. The test was first performed
with eyes open and then repeated with eyes closed. A clear
ceiling effect was observed in the test with eyes open (63%
completed the maximum time of 30 s), so the test results with
eyes closed were chosen for the analyses (4% completed 30 s,
and 50% completed 3.5 s or less).
Level of physical activity was self-reported using the vali-
dated Saltin-Grimby Physical Activity Level Scale [38, 39]
with four response categories: “Describe your exercise and
physical exertion in leisure time the last year: 1) Reading,
watching TV/screen or other sedentary activity. 2) Walking,
cycling or other forms of exercise at least 4 hours a week
(including walking or cycling to place of work, Sunday-walk-
ing, etc.) 3) Participation in recreational sports, heavy garden-
ing, snow shoveling etc. at least 4 hours a week. 4)
Participation in hard training or sports competitions regularly
several times a week.”
Covariates
Height and weight were measured by trained personnel
while wearing light clothes and without shoes. BMI was
calculated as weight in kilograms divided by height in
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meters squared (kg/m2) and used as a continuous variable in
the analyses. Daily smokingwas self-reported as “yes now,”
“yes previously,” or “never-smoker.” Highest attained
education level was self-reported with the following catego-
ries: (1) primary/partly secondary education (10 years); (2)
upper secondary education (10–12 years); (3) tertiary
Table 1 Characteristics of women and men by age groups. Continuous variables presented as mean values with standard deviations (SD) and
categorical variables presented as number of individuals and percent
Women (N = 2 052) Men (N = 1 481)
≤ 65 (N = 903) > 65 (N = 1 149) ≤ 65 (N = 665) > 65 (N = 816)
Mean SD Mean SD Mean SD Mean SD
Age (years) 58.0 6.5 72.2 4.5 57.9 6.7 72.0 4.8
Height (cm) 164.6 6.2 162.0 6.0 178.0 6.7 175.3 6.4
Weight (kg) 71.2 13.0 71.4 12.8 87.9 14.1 84.4 12.0
BMI (kg/m2) 26.3 4.6 27.2 4.7 27.7 3.9 27.4 3.5
aBMD total hip (g/cm2) .932 .130 .886 .130 1.060 .134 1.030 .159
Grip strength (kg) 29.6 4.9 25.8 4.8 51.2 8.4 43.2 7.8
TUG total score 7.9 2.7 9.2 2.3 7.9 1.4 9.1 2.0
SPPB 11.6 1.1 10.8 1.7 11.8 .8 11.2 1.4
Chair-stand (s) 9.2 3.6 11.1 3.2 8.4 2.3 10.0 3.3
4 m walk (s) 3.4 .7 3.9 1.0 3.3 .6 3.8 .9
One-leg stance (s) 8.8 8.8 3.7 4.2 8.9 8.7 4.2 4.4
N % N % N % N %
Smoking
Never 333 36.9 498 43.3 274 41.2 251 30.8
Previous 430 47.6 542 47.2 311 46.8 499 61.2
Current 140 15.5 109 9.5 80 12.0 66 8.1
Education level*
1 261 28.9 173 15.1 167 25.1 118 14.5
2 180 19.9 128 11.1 141 21.2 179 21.9
3 255 28.2 284 24.7 201 30.2 239 29.3
4 207 22.9 564 49.1 156 23.5 280 34.3
Diseases**
Cardiovascular 259 28.7 568 49.4 260 39.1 483 32.6
High BP 228 25.2 503 43.8 209 31.4 363 24.5
Heart attack 8 .9 45 3.9 24 3.6 97 6.5
Heart failure 5 .6 25 2.2 14 2.1 50 3.4
Atrial fibrillation 32 3.5 95 8.3 42 6.3 109 7.4
Angina 7 .8 35 3.0 16 2.4 48 3.2
Stroke 13 1.4 35 3.0 16 2.4 49 3.3
Metabolic 65 7.2 122 10.6 39 5.9 103 7.0
Diabetes 40 4.4 77 6.7 29 4.4 67 4.5
Kidney disease 28 3.1 47 4.1 14 2.1 42 2.8
Respiratory 119 13.2 189 16.4 62 9.3 107 7.2
Bronchitis 33 3.7 64 5.6 13 2.0 40 2.7
Asthma 106 11.7 152 13.2 53 8.0 76 5.1
Cancer 68 7.5 153 13.3 47 7.1 128 8.6
Musculoskeletal 250 27.7 526 45.8 97 14.6 175 11.8
Rheumatoid arthritis 42 4.7 87 7.6 29 4.4 36 2.4
Arthrosis 230 25.5 487 42.4 77 11.6 152 10.3
Physical activity level***
1 100 11.2 123 11.6 71 10.8 115 14.7
2 610 68.5 758 71.4 376 57.1 433 55.2
3 162 18.2 171 16.1 188 28.6 228 29.1
4 19 2.1 9 .8 23 3.5 8 1.0
*Education level 1: primary/partly secondary education (10 years), 2: upper secondary education (10–12 years), 3: tertiary education short: college/
university (13–15 years), 4: tertiary education long: college/university (16+ years)
**Number of participants who report having given disease, either currently or previously diagnosed
***Physical exertion in leisure time: 1: “Reading, watching TV/screen or other sedentary activity.” 2: “Walking, cycling or other forms of exercise at
least 4 hours a week (including walking or cycling to place of work, Sunday-walking, etc.),” 3: “Participation in recreational sports, heavy gardening,
snow shoveling etc. at least 4 hours a week,” 4: “Participation in hard training or sports competitions regularly several times a week”
N number of participants, SD standard deviation,BMI bodymass index, aBMD areal bonemineral density, TUG TimedUp andGo, SPPB Short Physical
Performance Battery, BP blood pressure
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education short: college/university (13–15 years); and (4)
tertiary education long: college/university (16+ years).
Self-reported current or previous chronic diseases were reg-
istered if the participant replied “yes currently” or “previous-
ly” to questions about hypertension, myocardial infarction,
heart failure, atrial fibrillation, angina, stroke, diabetes, kid-
ney disease, bronchitis, asthma, cancer, rheumatoid arthritis,
or osteoarthritis in their medical history. Diseases were cat-
egorized as “cardiovascular disease,” “metabolic disease,”
“respiratory disease,” “cancer,” or “musculoskeletal
Fig. 1 Flow chart illustrating
inclusion and exclusion of
participants
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disease” in the analyses; see Table 1 for overview of the
disease categories.
Least significant change
More than 3% difference is required for an aBMD measure-
ment to be significantly different from a previous measure-
ment in the same individual, using the GE Lunar Prodigy
[31, 32]. For physical capability tests that were significantly
associated with aBMD, test score difference corresponding to
3% aBMD difference was calculated.
Statistical analysis
The association between the continuous outcome variable
(aBMD) and the continuous physical capability variables,
as well as the categorical physical activity variable, was ex-
amined individually using multiple linear regressions. All
analyses were performed separately by sex. Model 1 was
adjusted for age, while model 2 included additional adjust-
ment for BMI (kg/m2, continuous), height (cm, continuous),
daily smoking (categorical), education (categorical), and all
listed chronic disease groups added separately to the model
(categorical). In addition to models including all ages, sepa-
rate models for participants aged ≤ 65 years and > 65 years
were performed, enabling comparisonwith previous studies.
Table 2 Regression coefficients with 95% confidence intervals for
change in total hip aBMD (g/cm2) per unit change in grip strength,
Timed Up and Go (TUG), Short Physical Performance Battery (SPPB)
including total score and time spent on the 5 × sit-to-stand test, and 4 m
walk test, one-leg stance (OLS) with eyes closed, and self-reported level
of physical activity in women, overall and stratified by age at 65 years
Women





95% CI Z-score 95% CI Z-score
Grip strength (kg) All 1 980 *.003 .002 .004 .11 *.001 .000 .002 .05
≤ 65 871 *.003 .001 .005 .12 .001 − .001 .003 .04
> 65 1 109 *.003 .001 .004 .10 .002 − .000 .003 .06
TUG (s) All 1 975 − .000 − .003 .002 − .01 *− .004 − .006 − .001 − .07
≤ 65 868 .001 − .002 .004 .01 − .001 − .003 .002 − .01
> 65 1 107 − .002 − .005 .002 − .03 *− .007 − .010 − .004 − .13
SPPB
Total score (0–12) All 1 986 .003 − .001 .007 .04 *.009 .005 .012 .10
≤ 65 873 .007 − .001 .015 .05 *.010 .003 .017 .08
> 65 1 113 .002 − .003 .007 .03 *.009 .005 .013 .12
Chair− stand test (s) All 1 954 .000 − .002 .002 .00 *− .002 − .004 − .001 − .07
≤ 65 867 − .000 − .003 .002 − .00 − .002 − .004 .001 − .05
> 65 1 087 .000 − .002 .003 .00 *− .004 − .006 − .001 − .09
Time 4 m walk (s) All 1 980 − .005 − .011 .002 − .03 *− .013 − .019 − .007 − .09
≤ 65 869 − .012 − .024 .001 − .06 *− .022 − .033 − .010 − .11
> 65 1 111 − .002 − .010 .006 − .02 *− .011 − .018 − .003 − .08
One-leg stance (s, eyes closed) All 1 826 − .000 − .001 .000 − .02 *.001 .001 .002 .08
≤ 65 861 − .000 − .001 .001 − .02 *.002 .001 .003 .10




All 1 952 .013 − .004 .031 - *.037 .021 .053 -
3 .018 − .003 .040 - *.049 .030 .069 -
4 .048 − .002 .098 - *.093 .048 .137 -
2 ≤ 65 891 .022 − .004 .048 - *.039 .015 .063 -
3 .017 − .014 .048 - *.047 .019 .075 -
4 *.063 .001 .125 - *.104 .049 .160 -
2 > 65 1 061 .003 − .021 .027 - *.035 .012 .057 -
3 .016 − .013 .046 - *.051 .024 .078 -
4 .003 − .083 .089 - .062 − .015 .139 -
*Statistically significant results (p < 0.05)
**Fully adjusted model: adjusted for age, body mass index, smoking, education, height, and comorbidities
***Level of physical activity compared to level 1: “Reading, watching TV/screen or other sedentary activity.” Level 2 described as “Walking, cycling or
other forms of exercise at least 4 hours a week (including walking or cycling to place of work, Sunday-walking, etc.),” level 3: “Participation in
recreational sports, heavy gardening, snow shoveling etc. at least 4 hours a week,” and level 4: “Participation in hard training or sports competitions
regularly several times a week”
N number of participants, CI confidence interval, TUG Timed Up and Go, SPPB Short Physical Performance Battery
The Z-score column represents the effect size when both the outcome and predictor are standardized
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To investigate possible non-linear associations, the fully ad-
justed regression analyses, with aBMD as a continuous out-
come variable, were also modeled with cubic splines of the
continuous physical capability variables, with 4 knots at
default knot location and 95% confidence intervals (CI).
The association between aBMD and SPPB total score could
not bemodeledwith splines due to a strong ceiling effect. For
analyses of physical activity, predicted mean aBMD with
Table 3 Regression coefficients with 95% confidence intervals for
change in total hip aBMD (g/cm2) per unit change in grip strength,
Timed Up and Go (TUG), Short Physical Performance Battery (SPPB)
including total score and time spent on the 5 × sit-to-stand test, and 4 m
walk test, one-leg stance (OLS) with eyes closed, and self-reported level
of physical activity in men, overall and stratified by age at 65 years
Men
Exposure variable Age Number Age-adjusted Fully adjusted**
Regression coefficient 95% CI Z-
score
Regression coefficient 95% CI Z-score
Grip strength (kg) All 1 423 *.002 .001 .003 .12 .001 − .000 .002 .05
≤ 65 636 *.002 .000 .003 .10 .001 − .001 .002 .04
> 65 787 *.002 .001 .004 .11 .001 − .000 .003 .06
TUG (s) All 1 418 − .002 − .007 .002 − .03 − .004 − .008 .001 .05
≤ 65 635 .001 − .006 .009 .01 − .002 − .009 .006 − .02
> 65 783 − .003 − .009 .003 − .04 − .004 − .010 .003 − .04
SPPB
Total score (0–12) All 1 423 *.007 .000 .014 .06 *.011 .004 .017 .09
≤ 65 636 − .009 − .021 .004 − .05 − .003 − .015 .009 − .02
> 65 851 *.011 .002 .019 .09 *.014 .006 .023 .12
Chair− stand test (s) All 1 412 *− .003 − .006 − .001 − .07 *− .005 − .008 − .002 − .10
≤ 65 633 − .001 − .005 .004 .01 − .003 − .008 .001 − .06
> 65 779 *− .004 − .008 − .001 − .09 *− .006 − .009 − .002 − .11
Time 4 m walk (s) All 1 420 *− .011 − .021 − .001 − .06 *− .011 − .021 − .001 − .06
≤ 65 635 − .008 − .025 .009 − .04 − .005 − .021 .012 − .02
> 65 785 − .010 − .024 .003 − .06 − .011 − .024 .002 − .06
One-leg stance (s, eyes closed) All 1 333 − .000 − .001 .001 − .01 .001 − .000 .002 .04
≤ 65 628 − .000 − .001 .001 − .00 .001 − .001 .002 .04
> 65 705 − .000 − .003 .003 .00 .001 − .002 .004 .03
Physical activity
***Level: 2 All 1 442 .016 − .008 .039 - .021 − .001 .044
3 *.034 .008 .059 - *.045 .020 .070
4 − .003 − .059 .053 - .018 − .036 .072
2 ≤ 65 658 .003 − .031 .036 - .011 − .021 .044
3 .033 − .003 .069 - *.047 .012 .083
4 .008 − .054 .069 - .036 − .024 .096
2 > 65 784 .028 − .004 .061 - *.032 .001 .064
3 .034 − .001 .069 - *.044 .009 .078
4 − .044 − .157 .068 - -.030 − .139 .079
*Statistically significant results (p < 0.05)
**Fully adjusted model: adjusted for age, body mass index, smoking, education, height, and comorbidities
***Level of physical activity compared to level 1: “Reading, watching TV/screen or other sedentary activity.”Level 2 described as: “Walking, cycling or
other forms of exercise at least 4 hours a week (including walking or cycling to place of work, Sunday-walking, etc.),” level 3: “Participation in
recreational sports, heavy gardening, snow shoveling etc. at least 4 hours a week,” and level 4: “Participation in hard training or sports competitions
regularly several times a week”
N number of participants, CI confidence interval, TUG Timed Up and Go, SPPB Short Physical Performance Battery
The Z-score column represents the effect size when both the outcome and predictor are standardized
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95% CI was plotted according to categories of physical ac-
tivity level. In addition to the regression analysis entering
aBMD in g/cm2 and the continuous exposure variables on
their original scales, a regression analysis was performed
entering standardized values of both the outcome variable
(aBMD) and the physical capability predictor variables
expressed as Z-scores calculated by sex, to obtain standard-
ized coefficients and thus comparable effect sizes across the
physical capability tests. Coefficient differences between
sex and age groups were tested using the Chow test.
Statistical significance was determined by a p-value <
0.05. All analyses were carried out using Stata version 15.0.
Ethical approval
The Tromsø study, as well as our research project, is approved
by the Regional Committees for Medical and Health Research
Ethics in Norway (REC). All participants in The Tromsø
study have received an information letter and given written
consent prior to participation in the study.
Results
Table 1 shows values of background characteristics and scores
of the performance-based physical capability tests (grip
strength, TUG, SPPB, chair-stands, walking speed, and one-
leg stance) of 3 522 participants, as well as values of physical
activity of women andmen by age groups. Better performance
on all the individual tests of physical capability was associated
with significantly higher aBMD in women (Table 2). In men,
however, only SPPB, chair-stands, and walking speed were
associated with aBMD in the fully adjusted models (Table 3).
No tests were significantly associatedwith aBMD in the youn-
ger men in the age stratified analyses.
Physical activity was significantly associated with aBMD in
bothwomen andmen and in both age groups in the fully adjusted
models. While physical activity level 3 was associated with sig-
nificantly higher aBMD compared to level 1 (sedentary) in both
women and men, level 2 was also associated with significantly
higher aBMD than level 1 in all female age groups and in older
men. The highest level of physical activity (level 4) was associ-
atedwith the highest aBMD inwomen 65 years old and younger.
See Tables 2 and 3 for the complete overview of regression
coefficients.
Based on the analyses of the physical capability test results
expressed as Z-scores (Tables 2 and 3), the strongest association
with total hip aBMD was observed for the SPPB total score in
women (standardized regression coefficient: 0.10) and chair-
stand test in men (standardized regression coefficient: − 0.10).
In younger women, the 4 m walk test gave the strongest associ-
ation with aBMD (standardized regression coefficient: − 0.11),
while TUG gave the strongest association for older women
Fig. 2 Association between aBMD total hip and physical performance
test results with 95% confidence intervals in women (solid line/red) and
men (dashed line/blue) aged 40–84 years. *Test of overall association p <
0.05 (based on a likelihood ratio test comparing the models with and
without the splines). For physical activity, the models compared are the
ones with and without the physical activity variable
Table 4 Number of units change
corresponding to least detectable
aBMD change (3%) in women
and men. Numbers given for
continuous variables significantly
associated with aBMD in the fully
adjusted models. For physical
activity, percent aBMD increase
is given per level compared to
level 1 (lowest)













Grip strength (kg) 22.0 - - - - -
TUG (s) 7.6 - 3.8 - - -
SPPB total score (1–12) 3.1 2.8 3.0 2.9 - 2.2
Chair-stand test (s) 11.0 - 7.4 6.1 - 5.6
4 m walk (s) 2.1 1.3 2.6 2.9 - -
One-leg stance (s, max 30) 18.8 18.2 - - - -
Physical activity level* % aBMD increase compared to activity level 1
2 4.1% 4.2% 4.0% - - 3.1%
3 5.5% 5.0% 5.8% 4.3% 4.4% 4.3%
4 10.2% 11.2% - - - -
*Physical activity level 1: reading, watching TV/screen or other sedentary activity, 2: walking, cycling or other
forms of exercise at least 4 h a week (including walking or cycling to place of work, Sunday-walking, etc.), 3:
participation in recreational sports, heavy gardening, snow shoveling, etc. at least 4 h a week, 4: participation in
hard training or sports competitions regularly several times a week
aBMD areal bone mineral density, TUG Timed Up and Go, SPPB Short Physical Performance Battery
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(standardized regression coefficients:− 0.13). Self-reported phys-
ical activity as a categorical variable was significantly associated
with aBMD in all sex and age groups. No statistically significant
associations were found between aBMD and any of the contin-
uous measurements of physical capability in younger men;
hence, level of physical activity was the best predictor of
aBMD in this group. In the older men, SPPB total score was
the strongest predictor of aBMD (standardized regression coeffi-
cient 0.12).
There were no statistically significant differences between
men and women within the same age groups. There was how-
ever a significant difference in effect of TUG on aBMD be-
tween young and old women (p = 0.002) and SPPB total score
and aBMD in young and old men (p = 0.028). Associations
between aBMD and tests of physical capability modeled with
cubic splines are presented for women and men in Fig. 2.
Clinical relevance of aBMD difference
Table 4 presents number of unit difference corresponding to
1 × LSC in aBMD among the continuous variables. If the
relationships between physical performance tests and
aBMD are causal, a woman would need to improve grip
strength with 22 kg, TUG execution time with 7.6 s, SPPB-
score with 3.1 points, chair-stand test time with 11 s, 4 m
walk test with 2.1 s, or one-leg stance with 18.8 s in order to
achieve 1 × LSC in aBMD. For men, in whom we found
statistically significant associations between the tests in-
cluded in the SPPB and aBMD, chair-stand test time would
need to be improved with 6.1 s, otherwise the numbers are
similar to those in women.
Discussion
This large population-based study found a positive relation-
ship between physical activity and physical capability and
total hip aBMD in a general adult population. Leisure time
physical activity level was strongly positively associated with
aBMD of the total hip in both women and men. All the indi-
vidual physical capability tests included in our study were
positively associated with total hip aBMD in women in the
fully adjusted models. For men, statistically significant asso-
ciations were found between aBMD and the tests SPPB, chair-
stands, and walking speed.
For women and men, both younger and older than 65
years, physical activity was significantly associated with
total hip aBMD. This finding underlines the importance
for both women and men to be physically active through
adulthood and in older age in order to maintain good bone
health. Even low-intensity activities like “walking, cycling
or other forms of exercise at least 4 hours a week” were
beneficial for total hip aBMD in women and in older men
compared to a sedentary lifestyle. A total of 59 out of 3
394 participants reported the highest level of physical ac-
tivity (“Participation in hard training or sports competi-
tions regularly several times a week”). Although we found
a statistically significant higher aBMD in those reporting
the highest level of physical activity in the younger wom-
en, the overall proportion who reported this activity level
was low, and we cannot infer with certainty whether such
a high level of physical activity is beneficial for total hip
aBMD.
Grip strength was associated with total hip aBMD in wom-
en and men in both age groups in the age-adjusted models, but
only in women with both age groups combined in the fully
adjusted models. While we and others have found grip
strength to be associated with hip fractures and other osteopo-
rotic fractures [24, 26, 40], it is possible that grip strength is
more closely related to the risk of falling than it is to osteopo-
rosis. Other studies have indicated that grip strength is associ-
atedwith upper limbBMD [18] which we did not assess in our
study. While grip strength may be a strong predictor of frac-
tures, it does not appear to be a strong predictor of lower limb
aBMD.
In general, the relationship between physical capability
and total hip aBMD was similar in women and men in our
study; thus, our results seem to be at odds with those
reported by Shin H et al. [18] who found a stronger rela-
tionship between physical capability and BMD in women.
However, even if we found no significant sex by capability
interaction, results were more often significant in women
than in men. This is possibly due to the substantially larger
sample of women than men in our study and also reflects
that a relatively large sample size was needed in order to
detect a statistically significant relationship between phys-
ical capability and total hip aBMD.
This study was based on cross-sectional data and can there-
fore not reveal causal relationships between physical capabil-
ity and physical activity and total hip aBMD. Well-designed
and updated RCTs are needed to be able to determine if
targeted training to improve physical capability and increased
leisure time physical activity give any aBMD benefits.
Even though we found statistically significant associa-
tions between physical capability and total hip aBMD, the
effect sizes were small and the clinical significance may be
limited. The differences in test performance corresponding
to a least significant aBMD change (3%), theoretically indi-
cating the improvements in capability required to achieve an
increase in aBMD, are substantial and unfeasible for most
individuals. Meanwhile, improving level of physical activi-
ty from sedentary (level 1) to light physical activity (level 2)
would correspond to more than 3% higher aBMD in women
and in older men. Although such a change would require
persisting motivation and long-term behavioral change, we
believe that it is feasible to achieve for most people.
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However, in a population where age-related bone loss is
inevitable, focus should be on limiting the bone loss rather
than aiming to increase aBMD. Our results show that phys-
ical capability is positively associated with total hip aBMD
and indicate the importance of maintaining one’s physical
capability since a poorer score is associated with a decrease
in aBMD.
Conclusions
Physical activity was positively associated with total hip
aBMD in both younger and older women and men. In addi-
tion, better results on the physical capability tests TUG, SPPB,
chair-stands, walking speed, and balance were associated with
higher total hip aBMD in women, while SPPB, chair-stands,
and walking speed were associated with aBMD in men.
Although increasing aBMD is not likely, our findings suggest
that maintaining a high level of physical capability and activ-
ity might be helpful in preventing bone loss through midlife
and older age.
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